Title: Revisiting the F + HCl → HF + Cl reaction using a multireference coupled-cluster method
Introduction
The dynamics of the chemical reaction F + HCl -HF + Cl has been explored in great detail, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] but calculations from first principles have not been able to fully reproduce and rationalise the experimental results. 11, [14] [15] [16] [17] This chemical reaction is highly exothermic and proceeds through a small barrier, a transition state with a bent geometry whose ab initio description has been proven to be very challenging. It has multireference character and is affected by two conical intersection seams at collinear geometries. 12 Several ab initio theories predict very different values for the barrier height, ranging from 6.22 kcal mol À1 , at the UMP2 level of theory (unrestricted Møller-Plesset secondorder perturbation theory), 7 to the ROHF-UCCSD(T) result of 2.38 kcal mol À1 (unrestricted coupled-cluster theory with singly and doubly excited clusters and non-iterative triply excited clusters with a restricted open-shell reference). 15 All of them are, however, well above the experimentally suggested value of 1.2 kcal mol À1 . 1 Deskevich et al. employed the multireference configuration interaction method with Davidson correction (MRCI + Q) and extrapolation to the complete basis set (CBS) limit to construct the currently most accurate potential energy surface for this reaction. 12 This potential energy surface, denoted as DHTSN PES in the following, was fitted using 3230 points calculated at the MRCISD + Q/CBS level of theory, with the correlation energy scaled to reproduce the experimental exothermicity of À33.06 kcal mol À1 (the MRCISD + Q/CBS value is
À30.88 kcal mol À1
). The MRCISD + Q/CBS estimate for the barrier height is 4.2 kcal mol À1 and the scaled PES has a transition state energy of 3.8 kcal mol À1 (still largely overestimating the experimental suggestion). As this value is similar to the barrier height calculated at the partially spin restricted CCSD(T) level using a restricted open-shell reference function and a basis set of triple-z quality, Deskevich et al. argue that the value of 3.8 kcal mol
À1
should be accurate. However, calculations using the DHTSN PES strongly underestimate the experimental reaction rate constant, 5, 6 suggesting that its transition state energy is too high. Using an accurate time-dependent quantum mechanical approach, Bulut et al. 16 obtained a value of 2 Â 10 À13 cm À3 s À1 at 300 K, while the experimental result is (7.2 AE 0.3) Â 10 À12 cm À3 s À1 . 5 This disagreement increases at lower temperatures, reaching a difference of more than two orders of magnitude. Calculations using the DHTSN PES have also been unable to predict more detailed information on the dynamics of this reaction. The state-to-state process can be described by:
where (v i , j i ) represents the initial rovibrational state of the reactant HCl and (v f ,j f ) the nascent rovibrational state of the product HF. The final vibrational distribution of HF has been recorded experimentally in several studies. [2] [3] [4] 13, 18 Although different conditions were used, these results are very similar. The probability increases with the vibrational level v f (an inverted distribution), up to v f = 2, where it reaches its maximum. The third excited vibrational state, v f = 3, is almost not populated. Calculations using the DHTSN PES were not able to qualitatively reproduce this behaviour. The first study reported a high probability of forming the product in the third vibrational state. angular momentum. Li et al. have performed fully converged quantum reactive scattering calculations, with time dependent and independent methods, but restricted to the HCl ground rovibrational state. 15 Both methods give very similar results, still showing a high probability for v f = 3. Interestingly, studies using semi-empirical global potential energy surfaces, or based on less accurate ab initio calculations, show very good agreement with the experimental rate constant and vibrational distribution of the products. [7] [8] [9] [10] Sayós et al.
constructed a global PES for this system based on spin projected MP2 (PUMP2) ab initio calculations with the 6-311G(3d2f,3p2d) basis set, but scaled the PES to fit the experimental rate constant. 7 The final barrier height of the scaled PES is 1.12 kcal mol
. A study based on quasi-classical trajectory calculations was made using this potential energy surface, 8 with good agreement with the experimental rate constant and vibrational distribution of the products. Quantum wave packet calculations using this PES were also able to give good agreement with the experimental rate constant. 9 A semi-empirical LEPS (London-Eyring-Polanyi-Sato)
PES was determined by Kornweits and Persky, also constructed to reproduce the experimental results. 10 The good agreement with the experimental rate constant obtained with these PESs is not surprising, since they were constructed to reproduce such quantity. It is interesting, however, that Sayós et al. were able to reproduce the experimental vibrational distribution. 8 The rotational distribution was also investigated experimentally, but with fundamental differences among reported results. The most recent study, conducted by Zolot and Nesbitt, 13 shows a bimodal rotational distribution, with a large probability of HF formation at high values of j f , but also with non-vanishing probability for lower rotational quantum numbers. In this article, we report our study on the F + HCl -HF + Cl reaction employing the internally contracted multireference coupled-cluster (icMRCC) theory. [19] [20] [21] The icMRCC method with single and double excitations and perturbative treatment of triples, icMRCCSD(T), 22 is here for the first time applied to the computation of a global potential energy surface. This method promises to merge the accurate description of dynamical correlation by a cluster expansion with the ability to properly describe spin-coupled open-shell fragments. The present implementation of the icMRCC theory is size-consistent, size-extensive and is invariant under rotations of the orbitals within the closed, active and virtual orbitals. 20, 21, 23 As we will show, the icMRCCSD(T) method is able to give an accurate value for the barrier height of this reaction, very close to the experimentally suggested value. An analytic PES based on the many-body expansion was fitted to a set of about 5000 ab initio points. This PES is further used to investigate the reaction dynamics with the coupled-channel hyperspherical coordinate method. [24] [25] [26] Although the present PES does not describe multisurface, non-adiabatic and full spinorbit coupling effects, the results agree very well with experiments, showing that this is the first ab initio PES for this reaction able to reproduce the details of the dynamics.
Ab initio calculations
The construction of accurate analytic representations of global potential energy surfaces has been mainly restricted to MRCI + Q calculations. This is because a multireference treatment is usually required when scanning different regions of the PES, possibly containing electronic degeneracies. A well-known deficiency of the MRCI method, however, is its lack of extensivity due to the linear ansatz for the wavefunction. The use of an exponential ansatz in the icMRCC theory recovers a much larger portion of the dynamical correlation and offers a more systematic hierarchy of methods, in particular by perturbative estimates of threebody correlation. Therefore, rather small active spaces can be used in multireference coupled-cluster theories with good results. 22, 27 Only the orbitals that are really relevant to the chemical phenomena need to be included in the active space. This is in contrast to the MRCI method, that usually needs all the valence orbitals and electrons in the active space to obtain accurate results. The active space used in our calculations consists of three electrons distributed in three orbitals. This allows one to describe the three separated atoms (each one in the doublet state, with one electron in the singly occupied orbital of each atom) and the three possible dissociation channels, namely, F + HCl (the entrance channel), HF + Cl (the exit channel) and H + FCl (the second, highly energetic, exit channel). In each one of these dissociation channels the lowest energy active orbital (doubly occupied in the dominant configuration) is the s-bonding orbital of the diatomic fragment, followed by the singly occupied orbital of the atom. The s-anti-bonding orbital of the diatomic is the most energetic active orbital. The three active orbitals belong to the a 0 irreducible representation in the C s point group. Although this active space breaks the symmetry of the three atomic P states, this does not pose a problem. The degenerate component that is not described by this active space is antisymmetric with respect to the molecular plane and it does not mix with the A 0 states.
The reference space generated by a complete active space self-consistent field (CASSCF) procedure was used as zeroth order space for the subsequent icMRCCSD(T) calculations. In most of the calculations the electrons of the core (1s of fluorine and 1s, 2s, and 2p of chlorine) were not correlated. Corevalence correlation effects for the diatomic molecules (and thus for the two-body contributions to the global PES) were obtained by an additive scheme. Two sets of calculations were carried out at the icMRCCSD(T)/aug-cc-pwCVTZ level, one correlating and one freezing the external core (1s of fluorine and 2s and 2p of chlorine). The core-correlation contribution is estimated as the difference of these two energies. The results with this correction are denoted by icMRCCSD(T)-cc.
The basis sets aug-cc-pVXZ (X = T, Q, 5) 28 were used for the hydrogen and fluorine atoms and the basis sets aug-cc-pV(X+d)Z for chlorine. 29 Core-correlation effects were estimated using the aug-cc-pwCVTZ basis set. They are collectively denoted by aVXZ in this article. Complete basis set (CBS) extrapolation for the correlation energy (i.e. the icMRCCSD(T) energy minus the CASSCF energy) was done for the diatomic molecules, using the aVQZ and aV5Z results and the formula 30 ,31
For selected geometries, explicitly correlated calculations were carried out using the icMRCCSD(F12*) theory. 27 In these calculations, a correlation factor of g = 1.0 and the cc-pVXZ-JKFIT basis sets from Weigend were used as complementary auxiliary basis sets (CABS). 32 The effect of triple excitations is taken into account as in conventional icMRCC theory, but with the icMRCCSD(F12*) amplitudes. Unfortunately, the present implementation of explicitly correlated icMRCC theory faces some serious computational bottlenecks, which did not allow the computation of the entire PES based on this method. The icMRCC calculations were carried out with the General Contraction Code (GeCCo), as described in ref. 21 . The CASSCF 33, 34 reference wave functions and required integrals were calculated with Dalton 35 and Molpro 36 packages.
3 Details on the chemical system
The diatomic fragments
The potential energy curves for the dissociation channels were calculated at several levels of theory, and their dissociation energies and spectroscopic properties are shown in Table 1 . These were obtained from analytic fits of about 55 ab initio points along the potential energy curve, using the analytic representation discussed below (eqn (3) in Section 4) at each level of theory. The dissociation energies and spectroscopic properties calculated with the aV5Z basis set are already well converged and do not differ significantly from the aVQZ values. 
Transition state
The transition state geometry was optimised at the icMRCCSD and icMRCCSD(T) levels, using the aVTZ and aVQZ basis sets. The results are presented in Table 2 and one can see a large decrease of the barrier height, when compared to standard methods like MRCI and single reference coupled-cluster theory. Without considering the effects of connected triples, i.e., at the icMRCCSD/aVTZ level, a result of 3.66 kcal mol À1 is obtained, comparable to the RCCSD(T) value and to the value of the DHTSN PES. The result obtained at the icMRCCSD(T)/aVTZ level of theory is 1.35 kcal mol
À1
, very close to the experimentally suggested value of 1.2 kcal mol
. 1 This shows the importance of the triples correction, not included in the MRCI calculations, to describe the transition state, lowering the barrier height by more than 2 kcal mol
. Note that in the case of MRCI calculations the only way to improve the results is to extend the active space. Since a full valence active space was employed by Deskevich et al., a double shell approach would be needed. In the case of the Cl atom, this would imply to also include the 3d orbitals, leading to an intractably large active space.
The convergence of the barrier height with the basis set was investigated running icMRCCSD(F12*) + (T) single point calculations at the icMRCCSD(T)/aVQZ geometry. As one can see in Fig. 1 , although the barrier height calculated with conventional icMRCCSD(T) theory decreases with the basis set, the value obtained with F12 theory is higher. icMRCC calculations using a basis set larger than aVQZ are prohibitively expensive, but calculations with single reference coupled-cluster theory show a non-monotonic convergence of the barrier height. For these reasons, an aVTZ/aVQZ CBS extrapolation for the barrier height would probably give an inaccurate result. We hence argue that a more reliable estimate is obtained from the CASSCF energy calculated with the aV6Z basis (that is well converged, see the inset graph) and the correlation energy obtained with the aVQZ basis set. The values obtained in this way with conventional and F12 theories are 1.13 and 1.29 kcal mol À1 , respectively. These can be seen as lower and upper bounds and we will use the average, 1.21 kcal mol
, as an estimate for the icMRCCSD(T)/ CBS barrier height. The barrier height obtained in a similar way for the ROHF-RCCSD(T) case is also shown in Fig. 1 .
In the absence of spin-orbit effects, the electronic ground state in the entrance channel, F( ). 37 Only one of the lower states is reactive; see the ESI, † and Section 5.2 for a deeper discussion. In the transition state region, the other two states have much higher energies and the spin-orbit coupling has no influence on the ground state energy. This effectively increases the barrier height by an amount of 0.39 kcal mol
, not considered in the icMRCC calculations. If this correction is added to the icMRCCSD(T)/CBS barrier height estimated above, the value of 1.59 AE 0.08 kcal mol À1 is obtained, which is our final estimate for the barrier height. The geometry of the transition state also changes considerably compared to the DHTSN PES (see Table 2 ), becoming even more bent and with a larger FH distance, resulting in an even earlier transition state in comparison to the DHTSN PES. The geometry almost does not change when the aVQZ basis set is used. As a general trend, the barrier height decreases and the transition state becomes more bent as the level of theory increases. The vibrational frequencies in the transition state are also given in Table 2 . The icMRCCSD(T) imaginary frequency (o 1 , antisymmetric stretch) is very close to the DHTSN one. The symmetric stretch (o 2 ) and the bending frequency (o 3 ), on the other hand, differ substantially from the DHTSN values.
PES fitting
With our present implementation, icMRCCSD(T) calculations are computationally very expensive, even with the small active space used in most of our calculations. For instance, an icMRCCSD(T) calculation on this system with the aVTZ basis set takes about 3 hours of CPU time on an Intel s Xeon s processor (E5-2680 v2 2.80 GHz) and uses 10 Gb of RAM. These values increase to about 20 hours and 24 Gb with the aVQZ basis set. Currently our code is not parallelised and each calculation runs on a single core. To construct a reliable global PES based on this method we have to perform about 5000 ab initio calculations, which restricts the basis set to a moderate size. We were able to perform such number of calculations with the aVTZ basis set. The barrier height at this level of theory is already much lower than in the DHTSN PES and close to our estimate of 1.21 kcal mol À1 .
The transition state geometry and frequencies also do not change considerably from the triple to the quadruple-z basis View Article Online set, see Table 2 . This indicates that the topology of the icMRCCSD(T)/aVTZ PES is already good. The dissociation energies and the spectroscopic parameters of the fragments, however, can be much improved with the CBS extrapolation and corevalence correlation effects. We aim at an analytic representation of the PES that takes into account our best estimate of each feature of the PES: the global topology of the PES to be described at the icMRCCSD(T)/aVTZ level of theory, the barrier height as described in Section 3.2 and the diatomic fragments with the quality of the icMRCCSD(T)-cc/CBS calculations. This was done using the many-body expansion:
where R = (R FH ,R HCl ,R ClF ). The one-body term, V (1) , is the sum of the energy of the three separated atoms. The two-body terms, V
XY , have the following expression:
Ten linear and two non-linear parameters (N = 9), C i and b j , were optimised by a weighted least-squares procedure at the icMRCCSD(T)/aVTZ and icMRCCSD(T)-cc/CBS levels of theory. Sets of 56 points for the HF and FCl and 54 points for the HCl molecules were used. Table 3 shows the root mean square deviations for the fits. All of them are very small. The points and weights are described in the ESI. † The functional form employed for the three-body term is:
where
. |R À R TS | is the Euclidean distance between the point R and the transition state geometry, R TS , calculated in perimetric coordinates. [38] [39] [40] The function x smoothly switches the contributions from the region close to the transition state, described by V
TS , to the long range region, described by V
LR . These two functions have the same form, as suggested in ref. 41 :
where r m ¼ e 
The polynomial orders are M LR = 10, L LR = 0, M TS = 7, L TS = 2, giving rise to 549 linear parameters. This separation between a transition state part and a long range part and the polynomial orders were chosen after several tests to ensure that the final fit has the flexibility to describe the transition state region but does not provoke unphysical oscillations in the long range regions, where the points are sparse and receive a smaller weight in the fitting procedure. This function was fit to 5207 points, chosen to cover the most important regions of the potential energy surface. The main set of points, 2984 in total, was placed in the valley of the potential energy surface where the reaction takes place. Higher weights were given to the points closer to the transition state. 164 extra points around the transition state were added to guarantee the correct description of the curvature of the potential energy surface and the vibrational frequencies. In the dissociation limits and in the H + FCl reaction channel, 1456 more sparse points were calculated. Extra 434 points in the repulsive wall and 169 points in the atomic fragmentation region (F + H + Cl) were calculated to avoid a non-physical behaviour of the potential energy surface in these regions. Low weights were given to these points. These points were chosen based on the already known topology of the DHTSN PES and on the optimised icMRCCSD(T) transition state. A detailed description of the points and the weights is given in the ESI. †
The three-body term was fitted to ab initio points calculated at the icMRCCSD(T)/aVTZ level, after removing the corresponding one-body and two-body contributions. The root mean square deviation (RMSD) of this fit is very good, and it amounts to only 0.17 kcal mol À1 . The RMSD considering only the valley of the reaction is slightly smaller. To get a deeper insight into the quality of this fit, the transition state properties for the PES obtained with this three-body term and the corresponding two-body terms, obtained at the icMRCCSD(T)/aVTZ level, are given in Table 2 (''initial PES''). These are to be compared with the values at the line ''icMRCCSD(T)/aVTZ'', obtained directly from the ab initio calculations. The transition state energy and geometry are very similar and the vibrational frequencies differ in less than 2.5%. To ensure that the potential energy surface describes the fragments as accurately as possible, the two-body terms used in the final expansion were the ones obtained at the icMRCCSD(T)-cc/CBS level of theory. This is possible since the three-body term vanishes in the fragment region. Finally, the three-body term is scaled by a constant factor a = 1.02403 such that the final barrier height has the value of 1.59 kcal mol
À1
, our best estimate as described in Section 3.2. The transition state properties of this potential energy surface are described in Table 2 , as ''final PES''. One can see that the geometric parameters and the vibrational frequencies of the transition state do not substantially change from the ''initial PES''. 
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The global topology of the PES
A good understanding of the global topology of the potential energy surface can be obtained from the level surfaces in perimetric coordinates. [38] [39] [40] They are defined by
They correspond to the radii of three mutually tangent circles centred at the nuclei. 39 With them, the three reaction channels can be depicted, along with the transition state and other features of the PES. Fig. 2 shows level surfaces for selected energies, as well as the level curves for the collinear geometries. In perimetric coordinates, a collinear geometry implies that the coordinate of the central atom equals zero. All three possible collinear arrangements are shown simultaneously in Fig. 2a : F-H-Cl, the upper-left set of curves in the plane R H = 0; Cl-F-H, the upper-right set of curves in the plane R F = 0; H-Cl-F, the bottom set of curves in the plane R Cl = 0. These level curves are also shown as dotted lines along with the level surfaces depicted in Fig. 2b and c. 
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The overall potential energy surface has three van der Waals minima along the reaction F + HCl -HF + Cl, discussed in Section 5.1. The position of the deepest one, with linear geometry at the exit channel, can be seen in the level surface for the energy E = À35.5 kcal mol À1 (Fig. 2b) . The level surface shown in Fig. 2c encloses the exit channel of the potential energy surface. For the energies E = À1.5 kcal mol À1 (Fig. 2d) and E = À0.8 kcal mol À1 (Fig. 2e) two van der Waals minima in the entrance channel can be identified. The bent van der Waals minimum is clearly visible in both Fig. 2d and e, whereas the linear one displays a tiny additional surface in Fig. 2e . For E = 0.0 kcal mol À1 the level surface has also a branch covering the entrance channel. For energies higher than the transition state energy (E TS = 1.59 kcal mol
À1
) the two branches are joined, as for the case depicted in Fig. 2g . In this level surface one can clearly see the position of the transition state, being the point that connects its two parts. Higher energy level surfaces have a broader connection between the entrance and exit channels, as shown in Fig. 2h for the level surface at the energy E = 9.5 kcal mol À1 .
This energy is close to the total energy of the average initial condition (E c = 4.3 kcal mol À1 , v i = 0, j i = 5) of the most recent experiment for this reaction. 13 A classical trajectory of this reaction with such total energy is contained in the region inside this level surface. The level surface for E = 45.0 kcal mol À1 is shown in Fig. 2i . The H + FCl channel (the branch towards the right side) and the F-Cl-H linear transition state (its connecting point to the rest of the level surface) are visible. We recall, however, that the present PES was constructed focusing the F + HCl -HF + Cl reaction and this high energy channel is probably not so accurately described as the other two. Fig. 3 shows a cut of the PES along the geometries with the angle y FHCl fixed at the value of the transition state. One can see that this PES has an early transition state, the reason why products with high vibrational energy are formed.
Van der Waals minima
The properties of the three van der Waals minima are given in Table 4 . All of them are deeper than in the DHTSN PES, but the geometries do not change considerably, except for the R HF distance of the bent minima at the entrance channel. The van der Waals complex at the exit channel, in particular, deserves a brief analysis. It was experimentally described by Merritt et al. 43 and the infrared spectrum of the Cl-HF complex in helium nanodroplets shows a peak at 3887.54 cm À1 . To take into account the effects of anharmonicity and from the helium nanodroplets on the frequencies, a scaling factor is suggested by the authors, obtained from the HF vibrational frequency, see Based on calculations with the DHTSN PES, Zolot and Nesbitt suggested that this van der Waals minimum can play an important role in the dynamics of the title reaction to explain the experimentally observed rotational distribution. 13 According to these authors it might behave as a trap for the nascent HF product, allowing for a rotational cooling and leading to a modified rotational distribution, where the probability for lower rotational levels is increased. If this is indeed the case, our proposed PES should be able to reproduce the same effect because the van der Waals minimum is deeper, as compared with the DHTSN PES, but has similar geometric and vibrational parameters.
Conical intersections
Any arbitrary geometry of the FHCl system belongs to the C s point group and the ground state PES is of A 0 symmetry.
At linear geometries, with the hydrogen atom in the centre, Extra icMRCCSD(T) calculations for these states were carried out for the minimum energy path of the fitted PES. They were performed with an extended active space with seven electrons distributed in five orbitals. In this active space three s orbitals and the highest occupied p x and p y orbitals are included. These curves are depicted in Fig. 4 . Note that the P and S states cross each other at two points, one slightly before and the other slightly after the transition state. At the MRCI + Q level of theory, the energies of the conical intersections are lower than the transition state energy. 12 Although the transition state has a bent geometry and the conical intersections are at the collinear geometries, the reactants that are energetically able to cross the classical barrier will also be able to reach the conical intersection and possibly be affected by it. At the icMRCCSD(T) level, the conical intersection energies are 3.4 kcal mol À1 (at the entrance channel) and À1.4 kcal mol À1 (at the exit channel), without considering the spin-orbit coupling.
Since the barrier height is 1.21 kcal mol À1 (or 1.59 kcal mol
À1
including spin-orbit effects), the conical intersection at the entrance channel has a higher energy than the barrier and its role in the dynamics might not have the large extent expected by the same analysis at the MRCI + Q level. Moreover, it would decrease the rate constant, since a wave packet hopping across it to the above state is affected by a higher barrier. The effects of these conical intersection seams on the dynamics are, however, not clear. A multistate potential energy surface and rigorous treatment of the dynamics including non-adiabatic effects are needed to know the full extent of the effects of these conical intersections on this chemical reaction.
Our new PES also describes the conical intersection regions with a smooth transition between both states. The active space used in our calculations includes only one of the three p orbitals of the fluorine atom. The orbital perpendicular to the molecular plane does not contribute to the described A 0 state and its absence in the active space is not a problem. Close to the conical intersection, the p orbital in the active space has to switch from a perpendicular one (describing one component of the P state) to a collinear one to form a S state. For non-linear geometries the orbitals in the active space can adapt continuously. At linear geometries, on the other hand, this gives rise to small discontinuities in the MRCC PES at the regions close to the conical intersections. We have overcome this in the fitting procedure by giving lower weights to these points. One can see that the final PES is smooth and fits well the state of the lowest energy, whether it is the S or the P state. This approach can be justified by the fact that indeed the conical intersection is replaced by an avoided crossing if spin-orbit effects are included, see the ESI. † We recall that, with a proper active space, the icMRCC theory is able to accurately describe avoided crossings. 44 The small differences between the fitted PES and the lowest energy 2 S/ 2 P state curves in Fig. 4 come from the fact that we used CAS(3,3) points in the fitting, that we are employing a scaling in the three-body term and that the two-body term is from a higher level of theory; see Section 4.
Chemical dynamics
The dynamics of the F + HCl -HF + Cl chemical reaction was studied with the full quantum mechanical approach implemented in the ABC program of Skouteris et al. 26 It solves the time independent nuclear Schrödinger equation for the reactive scattering process by the coupled-channel hyperspherical coordinate method, [24] [25] [26] for each value of total angular momentum J and total energy E. Calculations for all values of J up to 99 were carried out, without the J-shifting approximation. The S-matrix elements for each state-to-state transition are obtained and used to calculate the various quantities of interest. Since the PES has a barrier height corrected for the spin-orbit splitting of the fluorine atom, the main effect of the spin-orbit coupling is automatically considered in the calculations. An a posteriori multisurface statistical factor is included in the rate constant calculations to take into account the fraction of the reactants that collide through the non-reactive surfaces. See ref. 9, 16 and 26 for a detailed description of the necessary equations. We note that there is a typo in eqn (7) The parameters used in the calculations were the same as those employed in ref. 15 . Test calculations were carried out varying these parameters for selected values of J and the results did not change appreciably. See the ESI † for a detailed comparison.
Rate constant
The rate constant of the title chemical reaction was calculated within the temperature range 100-500 K. To provide an unbiased comparison between the DHTSN and our current PES, we also computed the rate constant using the DHTSN PES and the coupled-channel method as outlined in the previous section. The results are depicted in Fig. 5 , along with previous results from the literature. The rate constant obtained with the new PES is very close to the experimental values, in contrast to the results obtained using the DHTSN PES. The present rate constant practically matches the theoretical results from Sayós et al., 7, 8 obtained with a PES whose barrier height was scaled to reproduce the experimental values. This shows, as suggested by some authors, 16, 17 that the DHTSN PES has a very large barrier height.
The present MRCC PES is the first potential energy surface obtained from first principles that yields for the title reaction a rate constant in close agreement with experiment. The error in the barrier height, estimated in Section 3.2, was used to obtain an estimate of the error in the rate constant. Two other PESs were generated by scaling the three-body term to match the upper and lower bounds for the barrier height (1.67 and 1.51 kcal mol À1 ). Using these PESs, reaction probabilities were calculated for selected values of angular momentum and rate constants were obtained using the J-shifting interpolation. These are interpreted as lower and upper bounds for the calculated rate constant. The shaded area in Fig. 5 corresponds to the region between these two estimates. The variation in the rate constant associated with the uncertainty in the barrier height is small and the close agreement with experimental results is preserved. We note, however, that the experimental rate constant shows a strong non-Arrhenius behaviour, not exactly reproduced in our calculations. For temperatures below room temperature, the experimental rate constant does not change appreciably with temperature. Our calculations match the experimental data and the flat rate constant at low temperatures is probably a consequence of tunnelling through the small barrier. At room temperature, however, the slope of the Arrhenius plot changes and the reaction rate rapidly increases with the temperature. This does not happen with the calculated rate constant. According to the analysis carried out by Würzberg and Houston, 5 this behaviour is related to the deepest van der Waals complex at the entrance channel. It would act as an intermediate for this reaction, trapping the reactants at low collision energies. For higher collision energies, on the other hand, the van der Waals well should not affect the scattering process, and the Arrhenius behaviour is expected. Were this model correct, our calculations should reproduce the strong non-Arrhenius behaviour. The present PES describes the van der Waals minimum at the entrance channel and the scattering calculations are essentially exact, for a single surface model. Multisurface effects can be an explanation for the large rate constant at higher temperatures. Possible pathways through excited potential energy surfaces, not accessible at lower temperatures, might come into play and increase the rate constant. Experimental data at higher temperatures and non-adiabatic dynamics over multiple PESs are further steps to understand the origin of the non-Arrhenius behaviour of this reaction.
Rovibrational energy distribution
The energy distribution among the vibrational and rotational states of the product HF has been calculated and compared with previous experimental and theoretical values. Fig. 6 shows the vibrational distribution. The experimental results agree very well among themselves, showing a maximum probability at v f = 2. The third excited vibrational level has low population and higher vibrational levels are essentially not populated, since they are not energetically accessible at the collision energies of these experiments. Previous theoretical calculations using the DHTSN PES predict that the third excited vibrational state is formed with the highest probability, which is not observed in the experiments. although a collision energy distribution was reported. 13 Older theoretical studies were performed considering room or higher temperatures, but using lower level PESs. 8, 10 For the DHTSN PES, studies considering the effect of the initial state were only focused on the total reactivity, showing that it increases with the initial rotational state. 11, 14, 16 Initially, we used our potential energy surface to obtain the vibrational distribution considering only the ground rovibrational state and collision energy of E c = 4.3 kcal mol À1 , as in the work of Li et al. 15 The result is shown in the last panel of Fig. 6 and it does not significantly differ from the one obtained using the DHTSN PES. The vibrational state v f = 3 is again the most populated one. However, experiments were not carried out under perfect single energy conditions. To obtain a more realistic comparison with the experiments, an initial energetic distribution must be considered. We will first analyse how the final vibrational probabilities are affected by the initial rotational distribution, for a single collision energy. Fig. 7 shows how the normalised vibrational distribution depends on the HCl initial rotational state, for a fixed collision energy of 4.3 kcal mol À1 (the average collision energy in the experimental setup of Zolot and Nesbitt
13
). The v f = 3 state is the most populated one when the reactant is on the ground rovibrational level, but its probability decreases, compared to the HF(v f = 2) formed from the same HCl(v i = 0, j i ) state. When j i = 3-7, close to the maximum of the Boltzmann distribution at 300 K, the second excited vibrational level is the one with the highest probability of being formed. This observation is independent of the choice of the PES. The vibrational distribution considering a Boltzmann distribution at 300 K over the initial rotational states is shown in Fig. 6 , for both PESs. These distributions have the correct behaviour, and the most populated vibrational state is v f = 2, although the probability for v f = 3 still overestimates the experimental one.
The effect of the spread of the collision energy on the final vibrational probabilities was studied considering the energy distribution of the experimental setup of Zolot and Nesbitt. 13 It is given in the inset of their Fig. 1 and we will denote it by f ZN (E c ), being further described in the ESI. † The final vibrational distribution is thus proportional to the rate constant of the process F + HCl -HF(v f , all) + Cl, with the integration over the collision energies carried out using the experimental distribution:
A thermal distribution over the HCl internal states was considered. The vibrational probabilities calculated in this way are also given in Fig. 6 . They do not differ significantly from the vibrational distribution obtained with single collision energy. The influence of the collision energy can be better seen in Fig. 8 . It shows the integral cross section (ICS) as a function of the collision energy, for each final vibrational state. A Boltzmann average for 300 K over the initial rotational state was used. For the results obtained with our new PES, the second excited vibrational state (v f = 2) has the largest ICS over the entire range of collision energies. The same does not happen for the DHTSN PES. For low collision energies the reaction leading to HF(v f = 3) formation has a larger ICS than that leading to HF(v f = 2) formation. This behaviour inverts at collision energies higher than 2.7 kcal mol
À1
. The f ZN (E c ) distribution, also shown in the figure, has its largest values at collision energies higher than this threshold.
We also considered the effect of the energetic distribution among the initial rotational states and collision energies on the rotational distribution. Experimental and theoretical results are shown in Fig. 9 , for the vibrational manifolds v f = 1 and v f = 2. The bimodal distribution experimentally obtained by Zolot and Nesbitt 13 is not reproduced in the calculations, irrespective of . Note that the distributions are normalised for each j i for clarity. The variation of the total integral cross section for each j i is not depicted. Neither of the PESs is able to reproduce the contribution from low rotational states obtained by Zolot and Nesbitt, hence its origin is still unclear. Based on the present results, we can disregard the spread in collision energy and initial rotational states as possible origins of this behaviour. If the van der Waals minimum in the exit channel acts as a rotational cooler, 13 this effect should also be captured by our (and previous) calculations on the dynamics of this reaction. Non-adiabatic processes were not considered in this calculation and their effects remain to be studied. However, given the similarities between our present results and the experimental rotational distribution of Ding et al., the possibility of rotational relaxation in the experimental study carried out by Zolot and Nesbitt should be carefully reviewed.
Conclusions
In this work we report a multireference coupled-cluster study of the reaction F + HCl -HF + Cl. It involves the construction of a global potential energy surface and the study of the reaction dynamics by quantum mechanical methods. Contrary to standard ab initio methods like MRCI and single reference coupledcluster theory, the icMRCCSD(T) value for the barrier height is very close to the experimentally suggested value. As a direct result of the lower barrier height, the computed rate constant is in good agreement with the experimental value and greatly differs from the previous most accurate calculations. We can conclude that the lowering of the barrier height is caused by the triples correction in the icMRCCSD(T) method. PESs with barrier heights near the experimentally suggested value, whether empirically adjusted 7, 10 or obtained from ab initio calculations as in the present work, give rate constants with close agreement to experiments. The vibrational distribution of the products is studied and it is shown that it is strongly influenced by the initial rotational state. Such an influence is not considered in previous calculations using the DHTSN PES, but is taken into account in older works, 8, 10 where thermal distribution over the initial states is used and a good agreement with experiments is reported. Our calculated rotational distribution shows close agreement with the experimental results obtained by Ding et al. 2 and does not present the bimodal behaviour obtained in recent experiments. 13 Although Zolot and Nesbitt claim that their rotational distribution is completely from nascent HF and that rotational relaxation does not play a role, such a possibility should be reviewed in light of the present work. We hope that the new PES motivates further work on the F + HCl -HF + Cl reaction and improves the understanding of its dynamics. Moreover, several chemical reactions have transition states that are difficult to describe with ab initio methods. For instance, MRCI calculations also seem to overestimate the barrier height of the F + H 2 O -HF + OH reaction, when compared to single reference coupled-cluster results. 45, 46 This suggests that internally contracted multireference coupledcluster theory may become a useful tool for obtaining accurate global PESs for this and other elementary chemical reactions.
